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Abstract 

Seven) mono-. N- and trifijnctionaJ oxctanes were synthesized and polyrnerized in bulk and in 
solution cattonkaDy. Selected photoiniiiaiors have been applied U was (bund that sulfbrmim sabs 
are very efficient due to good sorubflity. almost.no tfscoiouratioo of the produa and storage 
stability in the monomer in the absence oflifiht. The conversion was deterrnined by quantitative IrV 
spectroscopy. Conversion between 75% and 85% was found to a]] cases. The shrinkage during 
polymerization was much lower than for vinyl monomers. No inhibition by oxygen was recognized 
Monomer layers trucker than 5.5 mm could be polymerized The products arc transparent and 
almost colourless. The glass transition temperature of the crossfinked polymers was above the 
temperature of a human body. 



1. Introduction 

Many monomers used in the manufacture ofcommerrialry available polymeric compositions such as 
casting resins, molding resins. Em coatings etc, exhibit some degree of shrinkage during 
manufacturing and processing. Shrinkage Is defined as the reduction in volume brought about by an 
increase in density, which is observed during porymerizatibn and polymer curt. One of the main 
causes of shrinkage is that in the nwoomer, the molecules are located at a Van der Waab distance 
from one another, while in the polymer, the corresponding moitomeric units move into the shorter 
covalent distance of one another. Less important, but stifl significant factor* which affect volume 
shrinkage are the change in entropy during polymerization, free volume in amorphous polymers and 
how well the monomer and polymer pack if crystals are present in either phase °. 
If the polymerization s incomplete smaD quantities of unreacted monomer arc present in l he finished 
product. Further reaction or migration of the monomer can occur during thermal aging. In both 
cases one woukJ observe additional shrinkage.. 

Pi>lymerizntiqn shrinkage can produce internal compressive stress, which can cause of mkrocracks 
and rmcrovokfc. In molding application polymer shrinkage results in incomplete filling of the mold 
and poor replication of the mold surface. It is quite obvious that elimination or signirjcani reduction 
of the polymerization shrinkage woukJ result in better polymeric products. Thb presentation wffl 
concentrate on a system valid for denial applications and resins as aHenotrves for inlay and amalgam 
filling for teeth. 
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lMcthods to reduce rtuHnkage In 



Addition of fiDers lo the monomer or mono m er mixture b the simptesi and probably the cheapest 
method to reduce the shrinkage during priynxitotion. If 80% of the mixture is filler, the ovenfl 
shrinkage of thfa composite b reduced to 20* of the original value. The shrinkage of MMA 
(2U%)canbe reduced to 4.2% if itemoric^ 
tlhargt monomers and prepoJvmef* 

Increasing moiar mass per polyriicrizabfc group reduces the overall shrinkage effect: 

Ethylene: AV*66\0% (M-28.1) 

MethyimethacryUte: AV-21.2% ■ (M« 100.1) 

N-VTnykarbaxole: AV-7.4% (M-193J) 

Therefore it is quite logical to apply preporymea and oligomers with reactive functional groups for 

chain extension Of crosslinkmg. 

riRlngopeoIng polyrnertoUon 

An eiegant route to avoid or to reduce shrinkage during polymerization b the ring-opening 
polymerization. For one new covalent bond in the polymer at bast one bond in the corresponding 
monomer has to be broken. 
Monomers with reduced shrinkage are: 

• cyclic ethers 

• saturated nitrogen rwerocycfcs 
-lactones, tactames 

• cyclic carbonates 

- stressed aliphatic rings 

Much attention was paid to double ring-opening of spiro on ho carbonates and spiro ortho esters, 
which show volume extension during polymerization |X . 



Although t ha. group of organized monomers (crystallized or those with LC phases) is of no 
importance for denial application it should be mentioned here for completeness. For example, solid 
slate polymerization of acetylene* and cyclodimerizatkm of (^unsaturated carbonyi compounds 




2J.ForymerixatlMi of organized structures 
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are only possible if the reacting monomers are dose enough to each other 1 Reduced shrinkage 

was abo observed for *cryiaie-t>pc mooomers wth LC properua * 

X4.Conclusion 

Fillers and large monomers and their combinations are the frvotned system in eternal applications 
for reduced shrinkage during polymerization. Cytic and bicyese compounds are certainly interesting, 
however, they still wait for aurtrrx realization due to many reasons (they are expensive; their 
vohimc expansion during pctfymernaiion b questionable; resuming polymers show often poor 
properties-). Looking more closely ai the eyefic ethers and at the reqviiremenu for I system for 
denial appfcations it seemed worthwhile to indude those compounds into the fist of aJtermih* 
systems to acryiaxes and methacryiaies. 



3. light curing composites for dental applications 

3.1. Classical composites 

The basic components for dental composites are 



• filler 

• initiator 
-©abutter 

Monomers are bi- and Afunctional meihacryiates with low viscosity Typical examples are Bis* 
GMA and TEDMA: 



tJ TEDMA 




Bb-GMA 

Fillers are based on inorganic material which are not only variable in nature but also in size. A 
typical dasaScaiion is: 

coarse-grained fillers (> 30|sm): quartz powder, ahiminhim oxide, boric oxide, phoshaies 
rvflncd fillers (l-30um): amorphous sfficalea, different SiOj glasses, aluminium oxide 
utrra-rertned fillers (0.005 • 0,05 urn): ultra refined S0j made by pyrolysis ofsOanes and suoxanes 



SiUnaikm of the surface of fillers with mdhacryltrimethnxysuanes Improves the properties of fiflen 
and their interconneaion in the resulting polymer. 



• •• •••• 
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It is most common to ipply phtfoinitistors and 10 induce the polyrocmaiion by UV/Vts-ljght VMi - 
Imponwtt mitiazon arc onphonjuinonc and benzoin alkyl ether. Afl of them decompose via radical 

As UitiQxza derivatives of crook such as Junole(2,6^-ien-buiyWHJjethy^phcflOl) are often used 
in dental formulations. 



3 J. Fonnulatioos btaed on cyclk ethers 

Before we discuss the properties and porymeritation behavior of eyefic ethers m some detail it s 
necessary to look at the list of requirements for the new generation of dental composites: 
1. low shrinkage or expansion fa volume during polymerlmion 
tm ngni Bxiucca poiymenzauoo 

3. no inhibition of the polymerizauoQ by oxygen 

4. simple and cheap synthesis of the mono men 

5. simple worfctbffiiy of the monomers 

6. notHoxkay 

7. monomers must be bt-or higher functional 

8. low water adsorption of the polymers 

9. the resulting products must be transparent which must not change their colour 
It b not unlikely that tius fat nut be extended in the future. 

Suitable candidates of cyclic ethers for dental application arc listed in the following table: 
Table 1 : selected properties of cyclic ethers 





V7 

0 


P 


Q 


molecular weight 


44.1 


56.) 


72.1 


density 4g»mL 'J 


0.882 


0.893 


0.889 


decrease in vol.-fc 


23 


17- 


10 


pK. 


•3.7 


•2.02 


•2.1 


ring strain ftJ-moT 1 } 


114 


107 


23 



imottd im rtbiiom&ip of arimmc and letntfydrofitrmm 



From monomers romaining oxctine units we expect less shrinkage in volume than from MMA. 
Oxetanes are easy to synthesbx and can he polymerized caiionjcalty by photoinitiators such as 
sulibftium and iodonium salts, undisturbed by oxygen and fink affected by moisture M0 . The 
monomer synthesis is rather simple U) . The resulting polymer contains ether function and is less 
hydrophobic than PMMA. A further advantage is that the polymer is free of CO double bonds 
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even at incompfac conversion of the monomer. No Information was available on the degree of 
shrinkage in volume during polymerization. However, a very rough estimate (see Tabic 1) shows 
ihath bremakabiy lower than forMMA. 

Most Important factors which control the reactivity of the rings are basicity of the ring oxygen, ring 
stress and sterical hindrance. Since ring stress is similar for osJrancs and oxetanes but basicity et 
higher for oxetanes we consider oxetanes an interesting family of compounds for applications in 
which reduced shrinkage to volume is important m . 

4.Cationk porvmertzarJoo of oxetanes 

4.1. CksskaJ methods . 

Winning polymerization of oxetanes cxn be inhiatcd by means of proton* sods . oxordum 
salts ** r^Suorophosphaies » and Lewb ad* in the presence of coinkiators Side react ions 
such as' ring formation and backbiting can be reduced by lowering the reaction temperature 
These reactions can be more or less ignored in case of dental cornposhes if bh and higher functional 



Unear poryoxetancs were synthesized as earty as 1954 ^ and became commercial products (3> 
bis<chiorometbyl)oxetane: Pinion, Ptmaplast) which show mechamcal properties comparable with 
rryion-6 and a remarkable chemical resistance "\ 
4.1 MonofuncUonal monomers 

The amplest and probably cheapest method for the synthesis of monofonctional oxetane is the 
transesteriacation of diethyl carbonate with U^tronetlr/toipropane yielding a cyclic carbonate as 
intermedUte which sput off OOj to form 3<UryJ-3-IVydroiyniethytosetane t °\ 



•• •• •••• •• 

• ••• • • • ••■« 

■ • • • • ••• • V • • ' 

• • . • • • • 

•••• •• ••• f*tfl 
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KOH 



2 EtOH 



OH 



OH 



temperature y\ 



-CO. 



>Eihyl-^hy<lroiymcthyto«unc o the basis for mus of the monomers feied below: 
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Phenytahe. 3 was sywtaaiad by region of phenol with J <hlon«nelhyl-3 < lhyta«.ane which '« 
rrtW* ftom l.l.HrunnhylolpropMt by re«ti«i with SOO, followed by ring fomuuon 
accompanied with HQ abstraction. 

The monomers are completely charactered by common analytical methods, h is tmerestmg to note 
in which way »H NMR spectra of ><htoromeim>3^hyic«eta« differ from the spectra of 3«Ur/1- 
Vhydroxymethytoxetane: 




Figure I: Section of the X H NMR spectra of ^h^^hyo^jryniethytoxetanc (A) and 3- 
chtorornethy^3^thytoaeiane <B). 



Since the oxeunc ring b not completely planar, one can distinguish between H. and H, for Methyl- 
>riydroxymethyloMUne due 10 the stabOaation of the ring conformed by hydrogen bridging which 
is not possible for the 3<WorornethyWerWatrve that is why in the last case a singula is otecrved 
4-3. PolymetiraUuo nie ( 
The polymerization of the rnowninctional monomers were studied by means of H NMR with 

BFrOEtj* initiator 
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Figure 2: *H NMR of 2. rae of polymerization initialed by BF>*OEi *. T = 27 *C 
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Ouniiuiive data arc given in the following table: 

Tabic 2: Polymerization of different oxetanes in CDCfe aolution, 

monomer concentration * OMwotL* , initiated by BF,OEi, (c * a041moU; , ), T * 27 X 



monomer 


polymerization rate 1 
mofmin^L^iO 0 


formation of 
cycles and 


Benzyl ether 1 


2 


2.5 




Phenyl ether 


3 


3.0 




Alkyl ether 


1 


2J 




Benzyl ether II 


5 


6.] 




Ester 


4 


6J 




Urethane 


7 


no polymeri 


eat ton 


Alcohol 


8 


11.6 J 




Hydroxy! ether 


9 


9.3 


— i 



' iiwr r*gr*uim (20 * amymrxitm) 

' 0nO,e,ha,hthi «h«'*« of po.ymen^ta, were ofccmd for TOnomm which 
S^Z ° f reaaW " hVCTy,OW ™» - «* on ,he of A* 



Ta«e3. pK«.v a Ju e s ofsehaedcompom* having nmoioiul group, rimilurio 



-compound 


pK. -vaJue 


Ethyl phenyl ether 


-6.44. 


Diethyl ether 


•3.59 


Methanol 


• 2.20 


l«npropam»l 


. • 3.20 


Ethyl hcnzoaie 


-7.78 


N-Meihylacetamide 


•0.46 


Alcohol 8 


-2.08 
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Those bnctional groups are problematic which have pK.-valua higher (less negative) than thai of 
oxaane, which is in agreement with our experimental results. 

The relatively low molar masses for the polymers from hydroxy containing monomers indicate that 
OH interfers with the reaction yielding oxonhim groups, which suttee via proton transfer. 
44 Bl- and triftmctionnl oxetanes 

The route for the preparation of ihe hi- and irifiunctional monomers listed below b adapted from 
that of the mono functional monomers: 




All these monomers arc solids. However, they can be converted into the Squids by addition of traces 
of monorunctional oxetanes. 

Different photoinhiators have been tested for the caitonk polymerization of selected oxetanes: 
Sulfbnhim salt iodonium sab N -oxide n , metal complex * and sulfonic add ester * 
Without going into too many details one can summarize the tests of initiators in the following way: 
All tested sulfonium and kxlurium salts were initiators for oxetanes. However, only Degacunr 10 
858 fulfilled aO the requirements; fast reaction, suitable solubility, almost re» discolouration of the 
product, storage Stability dissolved in the monomer (avoiding light). 




• ••' •••• 
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PF, e 



PF.* 




Degaciire KJ S56 

The foOowfog mechanism wis proposed for the phoiodecomposiiion of the initiator*: 



[PhjS + Ph* X®J 
Ph® + R—H 



- [ft*S ♦ Ph® X s ] 
• PhjS + Ph® + X 8 



The light induced polymerization of the afunctional oxetanes was studied in bulk with a commercial 
UNILUX AC (Kuber). The monomer/uutiator was filled in a special designed cell, shown in the 
following 6gurc: 



Figure 3: Cell for photo- 
polymerization of the 
oxetanes 
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From quantitative IR (integrating the residual peak or ddemunaiion of the residual peak htgM). 
monitoring the consumption of the COObond at 980 cm" 1 , we know that 75 to 85% of the 
monomer was convened into polymer under the experimental conditions in less then 2- 5 minutes 
depending on the thickness of the monomer layer. 




Figure 4: IR-spectra of an oxetane (dibenzyl ether 9) before (0 BE) and after (20 BE) irridiation 
BE : irridiation units (Belichtungseinhetten) 




wtvfovmhct i ecu 



Figure 5: Quawnairvc IR (A: height method. B: area method) 

It is also imponerfl tn note that the glass transition temperature **f the polymers reaped 
acceptahle level above the temperature of a human body. 
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S. Shrinkage in volume 

On the basis of theoretical corekkraibn we expected a reduced shrinkage of the oxetanes 
compared to MMA. The experimental results ftiOy suppon the expectation. From monomer and 
polymer densities the shrinkage can be cakaUted by using the fol^ - 

Shrinkage 1% = P * - P ^ 100% 
P. 



pp, = density of the monomer 
p, a density of the polymer 

Some of the results are given in the following table 
fable 4: Shrinkage in volume of selected oxetanes 



monomer 


gem ** 


gem 


shrinkage 

%. 


conversion 
% 


Alcohols 


1.0209 


1.10 


7.8 


too 


Benzyl ether 2 


1.0236 


1.07 


4.9 


too 


Diherayl ether 9 


. 1.0657 


Ml 


3.9 


70* 80 
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